The CdTe and GaN detector with a Gd converter have been developed and investigated as a neutron detector for neutron imaging. The fabricated Gd/CdTe detector with the 25 mm thick Gd was designed on the basis of simulation results of thermal neutron detection efficiency and spatial resolution. The Gd/CdTe detector shows the detection of neutron capture gamma ray emission in the 155 Gd(n, g) 156 Gd, 157 Gd(n, g) 158 Gd and 113 Cd(n, g) 114 Cd reactions and characteristic X-ray emissions due to conversion-electrons generated inside the Gd film. The observed efficient thermal neutron detection with the Gd/CdTe detector shows its promise in neutron radiography application. Moreover, a BGaN detector has also investigated to separate neutron signal from gamma-ray clearly.
Introduction
Recently, the inspection equipment using the transparency of radiation has been fabricated in various fields. X-ray and γ-ray have been used in these equipments, such as x-ray CT and baggage inspection equipment at the airport. However, X-ray and γ-ray are low permeability for the heavy elements, and are unsuitable for the inspection equipment of the metal products. The neutron is noticed as a new radiation source, because the permeability of neutron is high for the heavy elements, and the fabrication of neutron semiconductor detector is expected. Neutron imaging has attracted much of attention as a nondestructive testing method for scientific, technical, security and other applications [1] [2] . In this technique, an image is formed by intensity of a neutron beam passing through a sample. Thermal neutrons are captured by low atomic number materials and penetrate high atomic number materials except for a few materials. Therefore, contents of metal cages and the objects including low atomic number materials such as H 2 O, oils or plastics can be observed by neutron imaging and information about the sample can be provided by the contrast of an image. Industrial application of neutron radiography requires high resolution imaging, fast response time and short exposure duration. A most commonly used gas tube as the neutron detector is not suitable for imaging devices due to its low spatial resolution. Scintillators and semiconductor detectors are more effective as thermal neutron detectors for imaging devices, because fast response time and high resolution can be achieved [3] [4] [5] [6] [7] [8] [9] . However, they are sensitive to both neutron and gamma ray. Also gamma rays are usually produced by neutron generating processes. Detected gamma rays cause deterioration of the neutron image. Consequently, techniques for neutron and gamma ray discrimination are required to obtain a clear neutron image.
We have reported that a CdTe semiconductor detector for gamma ray imaging has high sensitivity, good energy and spatial resolution at room temperature operation [10] [11] . CdTe has also been investigated as a thermal neutron detector, because this semiconductor contains 133 Cd, which has a large thermal neutron capture cross-section and emits prompt gamma rays [4, [8] [9] . The CdTe detector detects these prompt gamma rays as the thermal neutron capture events. To extract neutron events, the prompt gamma rays are distinguished from background gamma rays using difference in energy. High energy resolution is required to achieve good neutron/gamma ray discrimination. For the CdTe detector, high energy resolution can be obtained by applying high electric field to the detector. Therefore, it is suggested that a thin CdTe detector, which can operate at high electric fields is suitable for neutron imaging. However, the use of the thin CdTe detector causes a reduction in neutron capture efficiency and gamma ray detection efficiency due to the reduction of the thickness of CdTe containing 113Cd. Moreover, the typical energies of emitted gamma rays are higher than detectable photon energies of CdTe. Therefore, we propose to use Gadolinium (Gd) as a converter material to capture neutrons and then emit gamma rays. Gd has very large thermal neutron capture cross-section (48770 barns), i.e. 20 times more than that of Cd, and energies of prompt gamma rays generated in the following (n, g) reactions are suitable to be detected by a CdTe detector. Thus, a thin CdTe detector with the Gd converter is supposed to provide good neutron/gamma ray discrimination and higher thermal neutron detection efficiency than just a CdTe detector.
On the other hand, we have aimed at the achievement of the new neutron imaging device by compound semiconductor with B converter. We have suggested a neutron detector by using (n, α) reaction, which is generated by B atom. The wide band gap semiconductor GaN, which has less γ-ray sensitivity, is selected to distinguish neutron form background γ-ray. For these reasons, we try to fabricate a neutron semiconductor detector by using BGaN. In this work, BGaN was grown by metal organic vapor phase epitaxy (MOVPE) using the precursors; trimethylgallium (TMG), triethylboron (TEB) and NH 3 for the Ga, B and N, respectively. GaN and BGaN were grown at 1070°C on a Al 2 O 3 (0001) substrate. The structure consist is Au/GaN/Al 2 O 3 , or Au/BGaN/GaN/Al 2 O 3 . The Au electrode was attached by vacuum vapor deposition apparatus. The BGaN samples were evaluated by scanning electron microscopy (SEM) and electric prove micro analyzer (EPMA), and I-V measurement with α-ray irradiation.
Methods
The Gd/CdTe detector was prepared by pasting a Gd film on the top of the CdTe detector. The M-p-n structured CdTe detector with dimension of 4 mm x 4 mm x 0.5 mm was fabricated using (111) orientated plike CdTe wafer (ACRORAD, Co.). The indium-doped n-CdTe layer was formed by the laser-induced doping procedure [10] . Indium and gold electrodes were deposited by vacuum evaporation, and a Gd film was pasted on the gold electrode using a silver paste. The detector shows rectification property of the diode and was confirmed by current-voltage (I-V) measurement.
We used following isotopes for the measurement of gamma ray spectra:
241 Am and 57 Co as gamma ray sources, and 252 Cf with the activity of 1.74 MBq as a neutron source. 252 Cf was surrounded by a polyethylene moderator to provide thermal neutrons. Pb and Sn shields were inserted between the neutron source and detector in order to decrease intensity of background gamma rays emitted directly by 252 Cf. The thicknesses of Pb and Sn were 27 and 7 mm, respectively. The Gd/CdTe detector was operated at a reverse bias of 200 V. The measuring system consists of a charge sensitive type pre-amplifier (Clear-Pulse 5102) and a pulse height analyzer (SEICO EG&G MCA7600) and the shaping time was set at 0.5 ms.
Calculations of interaction of neutrons with the Gd converter have been carried out using the GEANT4 simulation codes with GEANT4 neutron data library 3.13, which comes largely from the ENDF/B-VI crosssection library, photon evaporation 2.0 data base, which comes from the Evaluated Nuclear Structure Data File (ENSDF) and Geant4 low-energy electromagnetic models based on Livermore library [12] [13] . The energy of the thermal neutron is 25 meV.
Results and Discussion
Gd converter thickness. The Gd converter thickness of the Gd/CdTe detector is a very important parameter in neutron detection efficiency and spatial resolution. The appropriate Gd converter thickness to obtain high detection efficiency was investigated by simulation of emission of prompt gamma rays generated by neutron capture. The planar dimension of the Gd film was 4 mm x 4 mm, which was the same as that of the CdTe detector, and the Gd thickness varied from 100 nm to 5 mm. 10,000 thermal neutrons irradiated vertically from the Gd surface and randomly allocated on the surface area. The number of the prompt gamma rays incident on the detector at various Gd thicknesses was calculated as the index of neutron detection and was shown in Figure  1 . Maximum number of incident gamma ray on the detector was obtained when the Gd thickness was 25 mm. It suggests that the highest neutron detection efficiency is achieved by a CdTe detector with the 25 mm thick Gd converter. The spatial resolution is deteriorated by increasing Gd thickness because the incident area of prompt gamma rays on the detector spreads with increasing Gd thickness. To investigate the spatial resolution, the incident area of the prompt gamma ray on the detector with various Gd thicknesses was estimated by simulation. 10,000 thermal neutrons hit the center of Gd surface vertically and the prompt gamma rays incident on the detector was counted. The FWHM of spread width at the 25 mm thick Gd was 50 mm. This value is enough to the CdTe detector for imaging because the pixel size of a commercial CdTe imaging device is 100 mm. Thus, we used 25 mm thick Gd film as a convertor in the fabrication of the Gd/CdTe detectors. To confirm the ability of neutron/ gamma ray discrimination, we investigated the energy resolution of the fabricated Gd/CdTe detector with the Gd thickness of 25 mm. Figure 2 shows the resultant gamma ray spectrum obtained from two spectra of 241 Am and 57 Co measured by the detector. The energy resolution was calculated in terms of FWHM. The peaks Am at 59.5 keV and Co at 122.1 keV are derived from 241 Am and 57 Co, and the FWHM of the peaks is 3.4 and 3.7 keV, respectively. For a 252 Cf isotope, that has usually been used as a neutron source for neutron radiography, the spectrum of gamma rays emitted from sponta¬neous fission is broad and the typical energies of gamma rays emitted from alpha decay are 43.4, 100, 154.5 and 206.9 keV [14] . The energies of gamma rays generated by capturing neutron in 155 Gd and 157 Gd are 80, 89, 182 and 199 keV. The difference in energies between prompt gamma rays from Gd converter and background gamma rays from 252 Cf neutron source is larger than the energy resolution of the detector. Therefore, the Gd/CdTe detector can achieve good neutron/gamma ray discrimination.
Neutron detection.
To verify the suitability of Gd/CdTe as a neutron detector, we carried out the observation of neutron capture events by measurement of neutron source with the fabricated Gd/CdTe detector. Figure 3 shows the gamma ray spectrum obtained with e Gd/CdTe detector from neutrons and gamma rays of 252 Cf. The peaks at 80 and 182 keV (solid squares) correspond to gamma rays emitted in the 157 Gd(n, g) 158 Gd reaction and the peaks of 89 and 199 keV (solid squares) correspond to gamma rays emitted in the 155Gd(n, g)156Gd reaction. The 4 peaks obtained are the evidence that the Gd/CdTe detector detected gamma rays from neutron captured by Gd. Moreover, the large peaks at 43 and 49 keV (open squares) correspond to the characteristic X-rays emitted by interaction between Gd and conversion electrons generated by neutron capture. Total number of incident gamma ray
Counts Counts
Thermal neutrons, which come into the lateral and backsurface by 113 Cd contained in the CdTe detector because 25 mm thick Gd absorbs most of the incident thermal neutrons. The observed peaks indicate that the Gd/CdTe detector detected the neutrons capture events in the Gd converter and the CdTe detector. The observed broad spectrum consists of gamma ray emitted from 252 Cf and Compton scattering. Consequently, the neutron information can be obtained by separating sharp peaks from broad spectrum. The results confirm that the Gd/CdTe detector can detect the neutron capture events and separate it from the background gamma ray events.
BGaN detector. The dependence of the pressure on the surface morphology of the BGaN is investigated. Figure  1 shows SEM images of the BGaN samples grown at the pressure of 150 Torr and 300 Torr. The sample with smooth surface is fabricated at low pressure, as shown in Figure 4 (a), which phenomena is also discovered as growth of BN samples. It is considered that the reaction of B atom is suppressed and the migration of B atom on the surface is promoted at low pressure. In order to detect the neutron using (n, α) reaction, the detection sensitivity of GaN for α-ray is studied. The IVt characteristic of the double Schottky structure GaN on applied voltage was measured by irradiating with the α-ray from americium (Am). Figure 2 shows the IVt measurement result. In Figure 5 , the current is detected as irradiating with the α-ray, while no current is detected as no irradiating with the α-ray. The result of detection sensitivity of α-ray of the GaN reveals that the neutron detector sing BGaN could detect α-ray resulting from Boron by neutron irradiation. The detection sensitivity of BGaN for α-ray is also investigated. The measurement of the IVt characteristic of the BGaN is similar to that of the GaN. Figure 3 shows the IVt measurement result of the BGaN sample grown at the pressure of 150 Torr. In Figure 3 , the current is detected as irradiating with the α-ray, while no current is detected as no irradiating with the α-ray. Additionally, the IVt characteristic of the BGaN is measured by irradiating with the γ-ray. By irradiating with the g-ray, the current does not flow (is not dectected). These results indicate that the BGaN has the sensitivity for the α-ray, and γ-ray is not detected. BGaN is expected as the material which detects only the neutron, because γ-ray which arises from the neutron source is not detected. Therefore, these results indicate that the neutron detector of BGaN using (n, α) reaction can be expected as a new neutron detection material.
Conclusions
We have developed the thin CdTe detector with Gd converter as a thermal neutron detector having good neutron/gamma ray discrimination for neutron imaging devices. The simulation results demonstrated that the Gd thickness of 25 mm provides the highest detection efficiency and good spectral resolution equivalent to the commercial CdTe gamma ray imaging detector. The energy resolution of the fabricated Gd/CdTe detector is less than 4 ke V, which is enough for gamma ray discrimination. The sharp peaks attributable to neutron events were clearly observed by measurement of 252 Cf neutron source and these peaks can be separated from background gamma rays. The results that are obtained are promising and show that the Gd/CdTe detectors provide clear neutron imaging with good resolution and they can be used for neutron radiography. GaN are good material for this purpose because its low gamma-ray sensitivity and good detection property for α-rays. We found high possibility in BGaN films for neutron detector.
